Cystic fibrosis transmembrane conductance regulator (CFTR) chloride channels are rapidly deactivated by a membrane-bound phosphatase activity. The efficiency of this regulation suggests CFTR and protein phosphatases may be associated within a regulatory complex. In this paper we test that possibility using coimmunoprecipitation and cross-linking experiments. A monoclonal anti-CFTR antibody co-precipitated type 2C protein phosphatase (PP2C) from baby hamster kidney cells stably expressing CFTR but did not co-precipitate PP1, PP2A, or PP2B. Conversely, a polyclonal anti-PP2C antibody co-precipitated CFTR from baby hamster kidney membrane extracts. Exposing baby hamster kidney cell lysates to dithiobis (sulfosuccinimidyl propionate) caused the cross-linking of histidine-tagged CFTR (CFTR His10 ) and PP2C into high molecular weight complexes that were isolated by chromatography on Ni 2؉ -nitrilotriacetic acid-agarose. Chemical cross-linking was specific for PP2C, because PP1, PP2A, and PP2B did not co-purify with CFTR His10 after dithiobis (sulfosuccinimidyl propionate) exposure. These results suggest CFTR and PP2C exist in a stable complex that facilitates regulation of the channel.
CFTR
1 is a tightly regulated chloride channel expressed in epithelial and other cell types (1) . CFTR channels become deactivated within ϳ10 s after membrane patches are excised from cAMP-stimulated Chinese hamster ovary cells into bath solution containing ATP at 37°C (2) . Similar results are obtained using Chinese hamster ovary and airway epithelial cell lines at 20°C except the deactivation requires ϳ100 s (3). Channel rundown is caused by dephosphorylation of PKA sites, because it does not occur if the PKA catalytic subunit is present in the bath solution, and deactivated channels can be restimulated by exposure to PKA (2, 4) . These results indicate that at least one of the phosphatases regulating CFTR is membrane-delimited.
The phosphatases that control CFTR have not yet been identified definitively at the molecular level. CFTR is regulated by PKA phosphorylation on multiple serine residues (5-7). Serine/ threonine protein phosphatases are classified according to their functional properties: Type 1 phosphatases (PP1) dephosphorylate the ␤ subunit of phosphorylase kinase and are inhibited by thermostable protein inhibitors 1 and 2. Type 2 phosphatases (PP2) dephosphorylate the ␣ subunit of phosphorylase kinase and are insensitive to protein inhibitors 1 and 2 (8) . Among the type 2 protein phosphatases, PP2A is distinguished by its sensitivity to okadaic acid and calyculin A, PP2B by its requirement for Ca 2ϩ and calmodulin and sensitivity to inhibitors such as deltamethrin, and PP2C by its requirement for relatively high (mM) levels of Mg 2ϩ . Several phosphatases dephosphorylate full-length CFTR or recombinant R domain protein in vitro (3, 9, 10) , but this does not establish their physiological role because all are usually present in intact cells. The specificity of protein phosphatases depends more on proximity than on the sequence of the target phosphoprotein, hence the importance of determining if CFTR is normally associated with a particular phosphatase.
Functional studies implicate PP2C as a CFTR phosphatase in Chinese hamster ovary, baby hamster kidney (BHK), and airway epithelial cells. CFTR rundown is relatively insensitive to okadaic acid and does not require Ca 2ϩ or calmodulin (2) but is inhibited by low Mg 2ϩ (11) . PP2C is the most potent deactivator of CFTR channels among the exogenous phosphatases tested, and like the endogenous (i.e. membrane-associated) CFTR phosphatase in these cell types, exogenous PP2C inhibits the channel by decreasing the rate at which it enters open bursts. None of the purified phosphatases deactivate CFTR channels completely (11) , consistent with the notion that CFTR is regulated by multiple phosphatases (12) . Indeed, 5-10% of the activity remains even when patches are exposed to both PP2C and PP2A simultaneously, suggesting they may not be the only players (11) .
Rapid deactivation of CFTR channels in excised patches has led to speculation that CFTR and its phosphatase(s) may be physically associated within a regulatory complex (2, 3, 13) . In this study we test this possibility in unstimulated BHK cells using co-immunoprecipitations and chemical cross-linking. The results indicate that CFTR is closely associated with PP2C but not PP1, PP2A, or PP2B. Cells-BHK and Chinese hamster ovary cells stably transfected with pNUT vector alone or with pNUT vector containing wild-type CFTR (BHK(Ϫ) and BHK-wt, respectively) were provided by Drs. X.-B. Chang and J. R. Riordan (see Refs. 2, 7, and 16). The human airway submucosal gland cell line Calu-3 was obtained from the American Type Culture Collection (Rockville, MD) and was cultured as described previously (17, 18) . To confirm PP2C and CFTR expression, cells were lysed by sonication in buffer containing 62.5 mM Tris-HCl, pH 6.8, 0.3% SDS, 10% glycerol, 5% ␤-mercaptoethanol and protease inhibitor mixture and subjected to SDS-PAGE and Western blot analysis.
EXPERIMENTAL PROCEDURES

Materials-Restriction
Cell Fractionation-Cells were washed with phosphate-buffered saline, harvested by scraping, and centrifuged (1,500 ϫ g, 5 min). Cell pellets were washed with ice-cold phosphate-buffered saline and resuspended in ice-cold lysis buffer (10 mM HEPES, pH 7.2, 2 mM EDTA) supplemented with protease inhibitor mixture. After a 10-min incubation on ice, cells were homogenized with 25 strokes of a tight fitting Dounce homogenizer, and nuclei and mitochondria were removed by centrifugation (4,500 ϫ g, 10 min). Microsomes were collected by centrifugation of the supernatant (100,000 ϫ g, 45 min). The membrane pellet was resuspended in 50 mM HEPES, pH 7.2, and stored at Ϫ70°C.
For phosphorylation and immunoblotting, cells were harvested, washed with cold phosphate-buffered saline, and sonicated for 20 s in twice concentrated (2ϫ) homogenizing buffer (500 mM sucrose, 100 mM Tris-HCl, pH 7.0, 4 mM EDTA, 4 mM EGTA, 2% (w/v) Nonidet P-40, 2 g/ml phenylmethylsulfonyl fluoride, and protease inhibitor mixture). After centrifugation (7800 ϫ g, 10 min) the supernatant was mixed with an equal volume of glycerol and stored at Ϫ20°C.
Protein Detection-SDS-PAGE was done according to Ref. 19 . Proteins in the gel were detected by staining with Coomassie Blue. Immunoblotting was as described previously (7) .
Anti-PP2C␣ Antibodies-Antibody was raised against a fusion protein consisting of GST fused to amino acids 296 -332 of PP2C␣ (GST-PP2C 296 ). Reverse transcriptase-polymerase chain reaction was carried out using mRNA from Calu-3 cells as the template. The polymerase chain reaction product was inserted into pCR-II, subcloned into pGEX-2t at the EcoRI site, and confirmed by sequencing. Proteasedeficient BL21 cells were transformed with the pGEX-2t plasmids. Fusion protein expression was induced using 0.1 mM isopropyl-1-thio-␤-D-galactopyranoside for 2 h and purified on glutathione-Sepharose 4B as described by the manufacturer. After purification, fusion protein (500 g in 0.5 ml of phosphate-buffered saline) was emulsified with 0.5 ml of Freund's complete adjuvant and injected subcutaneously into female New Zealand White rabbits. Serum was collected for 6 months and purified on Affi-prep protein A support columns as described by the manufacturer.
Recombinant Paramecium PP2C-Bacteria (BL21 cells) were transformed with full-length Paramecium PP2C/pET-16b vector (15) , and PP2C expression was induced with 1 mM isopropyl-1-thio-␤-D-galactopyranoside for 2 h. Cells were harvested, lysed, and loaded on a Ni 2ϩ -NTA-agarose column. After extensive washing, PP2C was eluted with buffer containing 1 M imidazole, 500 mM NaCl, 20 mM Tris-HCl, pH 7.9. The yield was 900 g of PP2C/liter of culture. The phosphatase activity was 17.72 milliunit/mg protein, where 1 unit is the amount of PP2C releasing 1 mol of 32 PO 4 from phosphocasein/min at 30°C. Recombinant CFTR Regulatory (R) Domain-A 579-nucleotide DNA fragment encoding residues 645-837 was amplified by polymerase chain reaction from pBQ6.2 plasmid DNA (generously provided by Dr. J. M. Rommens, University of Toronto) using Vent polymerase. After ligation into the plasmid pGEX-2t, the sequence was verified, and the GST-R domain fusion protein was expressed and purified as described above for GST-PP2C 296 .
Immunoprecipitations-For CFTR immunoprecipitations, 3 ϫ 10 6 cells were washed and resuspended in 1.6 ml of lysis buffer (10 mM HEPES, pH 7.2, 2 mM EDTA, and protease inhibitor mixture). After 10 min on ice the lysate was subjected to 10 strokes in a tight-fitting Dounce homogenizer; 1.6 ml of sucrose buffer (500 mM sucrose, 10 mM HEPES, pH 7.2) was added, and the lysate was homogenized further using 15 strokes. The homogenate was centrifuged (7,800 ϫ g, 10 min) to remove nuclei and unbroken cells, and Triton X-100 was added to 1%. For PP2C immunoprecipitations, microsomes were prepared as described above under "Cell Fractionation." Membrane proteins were solubilized in 1 ml of solubilization buffer (lysis buffer supplemented with 1% Triton) and centrifuged to remove insoluble material.
Protein concentration of the lysates and membrane fractions was estimated using the Bio-Rad protein assay kit (Richmond, CA). Aliquots of lysate (1 mg) or microsomes (0.4 mg) were diluted in 1 ml of solubilization buffer containing 20 mM magnesium acetate and incubated for 20 min on a rotating shaker with 5 l of 50% protein G-Sepharose 4B. After centrifugation (7,800 ϫ g, 10 min), supernatants were collected and incubated overnight with 2 g of anti-PP2C or anti-CFTR antibody. 20 l of 50% protein G-Sepharose 4B beads were added, and the incubation was extended for 2 h. The beads were washed six times with solubilization buffer containing 20 mM magnesium acetate and resuspended in 100 l of solubilization buffer. For Western blot analysis, each lane was loaded with 20 l of the suspension. All steps were carried out at 4°C.
Expression of CFTR His10 -Ten histidine codons were added to the 3Ј-end of CFTR, which was subcloned into pNUT and transfected into BHK cells using calcium phosphate co-precipitation (7). Colonies in which integrated sequences were highly amplified were selected using 500 M methotrexate, and CFTR His10 expression was confirmed by immunoblotting. When tested in planar bilayers, channels produced by CFTR His10 were indistinguishable from those produced by wild-type CFTR (i.e. Cl Ϫ selective, ϳ10 picosiemens, voltage-independent, PKA-activated).
DTSSP Cross-linking-Cells (ϳ1900 cm 2 ) were harvested by scraping, washed with ice-cold phosphate-buffered saline, resuspended in 4 ml of phosphate lysis buffer (50 mM NaH 2 PO 4 , pH 8.0, 150 mM NaCl, 1% Triton X-100, EDTA-free protease inhibitor mixture), and stirred for 1 h at 4°C. Insoluble material was removed by centrifugation (15,000 ϫ g, 5 min). Protein concentration of the cell lysate (typically 11-12 mg/ml) was determined by the bicinchoninic assay and adjusted to 4.5 mg/ml with lysis buffer. DTSSP was added to a 5-ml aliquot of lysate from freshly prepared stock (400 M DTSSP final concentration). After stirring for 1 h at 4°C, the reaction was stopped using 1 M Tris-HCl, pH 8.0 (10 mM final concentration). Imidazole was added to the sample to a final concentration of 20 mM immediately before purification.
Purification of Cross-linked CFTR His10 Ni 2ϩ -NTA-agarose (0.5 ml) was pre-equilibrated with phosphate lysis buffer containing 20 mM imidazole, incubated batchwise with cross-linked lysate, and stirred for 1 h at 4°C. The resin was loaded into a column and washed twice with a 4-ml wash buffer containing 40 mM imidazole, 50 mM NaH 2 PO 4 , pH 8.0, 500 mM NaCl, 0.5% Triton X-100. Proteins were eluted in three 0.5-ml fractions with wash buffer containing 300 mM imidazole. EDTAfree complete protease inhibitor mixture was added to all buffers immediately before use.
Phosphatase Assays-Phosphatase activity was determined by measuring the release of 32 P from radiolabeled casein or GST-R domain fusion protein (20) . One unit of enzyme activity is defined as the amount catalyzing the release of 1.0 mol of 32 PO 4 from radiolabeled GST-R domain/min at 30°C. Briefly, substrates were phosphorylated by incubation with 0.3 g of PKA in 50 mM Tris-HCl, pH 7.0, 10 M magnesium acetate, 0.1% ␤-mercaptoethanol, and 10 Ci of [␥-32 P]ATP for 16 h at 30°C. The reaction was stopped by adding 0.1 ml of 100 mM EDTA and 100 mM sodium pyrophosphate, pH 7.0. To remove free [␥-32 P]ATP, the mixture was loaded on a Sephadex G-50 column that had been preequilibrated with 50 mM Tris-HCl, pH 7.0, 0.1 mM EGTA, and 5% glycerol. Phosphorylated substrate was collected by centrifuging the column (10,000 ϫ g, 20 min).
32 P-labeled GST-R domain (3 g) was incubated with a phosphatase (PP1, PP2A, PP2B, or PP2C, each at 20 nM) for 2 h, separated by SDS-PAGE on a 10% gel, and exposed to x-ray film. During assays, PP2B buffer contained 0.1 M calmodulin and 0.8 mM CaCl 2 ; PP2C buffer contained 20 mM magnesium acetate.
To study the dephosphorylation of full-length CFTR, protein G-Sepharose beads (with bound antibody and CFTR) were preincubated with 1.5 g of PKA, 20 M ATP, 10 g of bovine serum albumin, and 10 Ci of [␥-32 P]ATP and washed three times with 50 mM Tris solution. Radiolabeled CFTR was incubated with phosphatase (20 nM PP1, PP2A, PP2B, or PP2C) in appropriate assay conditions for 2 h, separated by SDS-PAGE on a 6.5% gel, and exposed to x-ray film.
Statistics-Values are presented as the mean Ϯ S.E. Significance was assessed at the 95% confidence level using the Student's t test.
RESULTS
Antibody to PP2C-Four fusion proteins were prepared in an attempt to generate anti-PP2C antibody, but only one of these proved adequate for the studies described in this paper. Fig. 1A shows the purification of GST and of a GST-PP2C␣ fusion protein (GST-PP2C 296 ) from BL21 cells. Fig. 1B is a Western blot probed with rabbit polyclonal antibody raised against GST-PP2C 296 (1:7, 500 dilution). The antibody recognized hamster (Fig. 1B, lane 2) and human PP2C (Fig. 1B, lanes 1 and 3) with similar affinity. Cross-reactivity was anticipated because of the close homology between human and hamster PP2C (21) . The antibody also recognized purified turkey PP2C (data not shown).
Distribution of Protein Phosphatases in the Membrane Fraction-Those protein phosphatases that are tightly associated with CFTR should localize to the plasma membrane. To test for membrane localization of protein phosphatases, BHK cells were fractionated, and the membrane fraction was examined by Western blotting (Fig. 2, A-D) . PP1, PP2A, PP2B, and PP2C were all detected in the membrane fraction. The level of PP2C in the membrane fraction relative to that in total cell lysates was somewhat lower than for PP1 and PP2B but much higher than PP2A, consistent with PP2A being predominantly a cytosolic enzyme (8) . Similar results were obtained with Calu-3 and T84 cells. Control immunoblots using antibodies against marker enzymes did not reveal cytosolic or mitochondrial contamination in the membrane fraction from BHK cells. Na,KATPase (a plasma membrane marker) was highly enriched, whereas lactate dehydrogenase (cytosol) and cytochrome c oxidase (mitochondria) were detected in lysates but not in the membrane fraction (Fig. 2, E-G) . Thus PP2C is present in membranes of BHK and other cells.
Dephosphorylation of Full-length CFTR by PP2A and PP2C-Immunoprecipitated CFTR was radiolabeled by incubation with PKA and [␥-32 P]ATP and then subjected to one of four phosphatases in the appropriate buffer (all at 20 nM): PP1 catalytic subunit (recombinant, bacterially expressed), PP2A1 or PP2B (bovine brain), or PP2C␣ (turkey gizzard or bacterially expressed Paramecium PP2C). Samples were subjected to 6.5% SDS-PAGE, transferred to nitrocellulose membranes, and exposed to x-ray film. Although all phosphatases dephosphorylated CFTR (Fig. 3A) , PP2A (lane 3) and PP2C (lanes 5 and 6) were noticeably more effective than PP1 (lane 2) and PP2B (lane 4), consistent with previous studies (9) . Similar results were obtained using purified CFTR His10 as the substrate (data not shown). Dephosphorylation followed the rank order: PP2C ϭ PP2A Ͼ PP1 Ͼ PP2B, which is identical to the sequence observed for deactivation of CFTR channels by different phosphatases (11) . Fig. 3B shows an immunoblot of the same membrane used in A for autoradiography, which indicates that comparable amounts of CFTR were loaded in each lane.
Dephosphorylation of Recombinant R Domain by PP2A and PP2C-Recombinant R domain is potentially a more convenient substrate for phosphorylation/dephosphorylation studies, therefore we compared dephosphorylation of recombinant R domain by different phosphatases with that of full-length CFTR. A GST-R domain fusion protein (GST-R; predicted M r ϭ 52,000) was expressed in Escherichia coli BL21 cells and purified on a glutathione-Sepharose 4B column as described under "Experimental Procedures." Full-length GST-R protein was used for phosphorylation/dephosphorylation studies. To confirm that phosphorylation occurs mainly on the R-domain part of the fusion protein, equimolar GST-R and GST were exposed to 1.5 g of PKA and 30 Ci of [␥-32 P]ATP, and the radiolabeling was compared by scintillation counting (Fig. 4A) . Phosphorylation of GST was less than 3% of the fusion protein, suggesting that most phosphorylation of the fusion protein (i.e. Ͼ97%) occurs on the R domain fragment. GST-R was used as a phosphatase substrate in subsequent experiments. Fig. 4B shows that dephosphorylation of 32 P-labeled GST-R was most complete with PP2C (lanes 5 and 6) and PP2A (lane 3). PP1 also dephosphorylated GST-R (lane 2), whereas PP2B did not cause FIG. 1 . Purification of GST-PP2C 296 and generation of anti-PP2C antibody. A, BL21 cells were transformed with plasmids directing expression of either GST or GST-PP2C 296 . Purification of these proteins was carried out on glutathione-Sepharose 4B as described under "Experimental Procedures." Samples (50 g) from different steps of the purification procedure were resolved on 10% SDS-PAGE, and the bands were visualized by Coomassie Blue staining. Lane 1, total cell lysate from GST-expressing cells; lane 2, purified GST; lane 3, total cell lysate from GST-PP2C 296 -expressing cells; lane 4, purified GST-PP2C 296 ; lane 5, products from thrombin cleavage of purified GST-PP2C 296 (the PP2C peptide released by thrombin was not detectable). B, various PP2C-containing samples were resolved on 10% SDS-PAGE, transferred to nitrocellulose, and probed with antibody raised against purified GST-PP2C 296 . Lane 1, purified, recombinant human PP2C␣ (20 ng); lanes 2 and 3, whole cell lysates (40 g) from CFTR-transfected BHK cells and from human airway submucosal gland cell line Calu-3, respectively.
FIG. 2. Subcellular distribution of phosphatases in BHK cells.
BHK cell lysates (10 g) and BHK membrane fractions (20 g) were resolved on 10% SDS-PAGE, transferred to nitrocellulose, and probed with antibody specific for PP1 (A), PP2A (B), PP2B (C), or PP2C (D). Three other sets of blots were probed with antibodies specific for the following marker enzymes: E, Na ϩ /K ϩ -ATPase (plasma membrane); F, lactate dehydrogenase (LDH, cytosol); and G, cytochrome c oxidase (CCO, mitochondria). noticeable dephosphorylation (lane 4) at the same molar concentration (20 nM). Thus, sensitivity of the phosphorylated R domain to different protein phosphatases generally resembles that of intact CFTR (PP2C Ն PP2A Ն PP1 Ͼ PP2B), although GST-R may be less susceptible to PP2B.
Co-immunoprecipitation of PP2C with CFTR-
The rapid deactivation of CFTR channels after excision hints that a phosphatase may be physically associated with the channel. To test this, CFTR was immunoprecipitated from BHK cells, and the immunoprecipitated proteins were analyzed by Western blotting with antibodies specific for each class of protein phosphatase. Untransfected BHK cells (lacking CFTR) served as negative controls. PP1, PP2A, and PP2B were not detected in immunoprecipitations of cells expressing CFTR (BHKwt⅐IP) or of control cells (BHK(-)⅐IP) but were easily observed in total cell lysates (BHKwt⅐t) (Fig. 5A-C) . PP2C was also present in cell lysates ( Fig. 5D; BHKwt⅐t) , but unlike the other phosphatases, it was pulled down by the anti-CFTR antibody and was conspicuous in the immunoprecipitate (Fig. 5D, BHKwt⅐IP) . This resulted from interaction with CFTR not antibody cross-reactivity, because PP2C was not co-precipitated when control cells lacking CFTR were used ( Fig. 5D; BHK(-)⅐IP) .
The association between CFTR and PP2C was tested further by examining the ability of anti-PP2C antibody to co-precipitate CFTR from solubilized membrane extracts. CFTR was immunoprecipitated from the solubilized membrane fraction of BHK cells by anti-PP2C antibody (Fig. 6, lane 3) . The low intensity of the CFTR band in lane 3 may indicate that only a small fraction of the immunoprecipitated PP2C is associated with CFTR. When solubilized membrane extracts from CFTRexpressing BHK cells were immunoprecipitated with the anti-PP2A antibody, CFTR was not co-precipitated (data not shown).
PP2C Can Be Cross-linked to CFTR His10 -To further test if CFTR and PP2C are in close proximity, we examined whether they are cross-linked by the reagent DTSSP. DTSSP is a water soluble, thiol-cleavable cross-linker with a spacer arm length of 1.2 nm. Its two functional groups bond covalently with ⑀-amines, such as those in lysine side chains (22) . The addition of DTSSP (400 M) to lysates of BHK cells expressing CFTR His10 resulted in the cross-linking of CFTR His10 into high molecular mass complexes (Fig. 7A, lane 1) . Some of the crosslinked CFTR His10 could be released from these complexes by cleavage of the cross-links with DTT (Fig. 7A, lane 2) . To identify proteins cross-linked to CFTR His10, DTSSP-treated ly- sates were incubated with Ni 2ϩ -NTA-agarose and washed with buffer containing 40 mM imidazole. CFTR and associated proteins were eluted with 300 mM imidazole. Most CFTR appeared in the second elution fraction (E2, lane 5) and remained in high molecular mass complexes if the fraction was not treated with DTT prior to SDS-PAGE (E2A, lane 7) .
To determine whether phosphatases become cross-linked to CFTR His10 , immunoblots of the same fractions shown in Fig. 7A were probed with antibodies specific for PP1, PP2A, PP2B, and PP2C (Fig. 7B) . DTT treatment of the samples prior to SDS-PAGE allowed proteins to be identified based on their apparent mass and reactivity. The upper blots in panel B show results obtained when lysate from BHK cells expressing CFTR His10 (BHKwt) was cross-linked and Ni 2ϩ -NTA-purified. The lower blots show results obtained using control BHK(-) cells, which lack CFTR. Most phosphatase in the starting material was presumably not associated with CFTR His10 , because it was not retained by the Ni 2ϩ -NTA-agarose column and appeared in the flow-through. Of the four types of phosphatases examined by Western blotting (PP1, PP2A, PP2B, and PP2C), only PP2C was present in the eluate (Fig. 7B, top blot, lane E2) . Importantly, PP2C was eluted in the second fraction, which was the same fraction containing most of the CFTR His10 according to the blot in Fig. 7A . When the sample was not treated with DTT prior to electrophoresis, the PP2C band shifted from ϳ44 kDa to the junction between stacking and running gels (data not shown), where CFTR was also found (Fig. 7A ). PP2C did not bind directly to the Ni 2ϩ -NTA-agarose because it was not detected in E2 if lysates were prepared from cells lacking CFTR (Fig. 7B, bottom blot) . These results indicate that PP2C is specifically cross-linked to CFTR His10 by DTSSP and can be co-purified by nickel chelate chromatography.
DISCUSSION
The present results demonstrate that PP2C is present in the membrane fraction of BHK cells and is closely associated with CFTR. We confirmed that phosphorylated CFTR is a good substrate for PP2C and found that the susceptibility of bacterially expressed GST-R domain fusion protein to different phosphatases is similar to that of full-length CFTR.
Rapid rundown of CFTR channel activity in excised membrane patches results from dephosphorylation of PKA sites; it can be reversed by exposure to the PKA catalytic subunit and does not occur if patches are excised into bath solution containing PKA (2) . The association of CFTR with PP2C observed in the present work may be a widespread phenomenon because rundown with similar characteristics has been observed in many other cell types, including those from tissues affected in cystic fibrosis (e.g. pancreatic ducts (23) , human colon (17) , and human airway cells (3, 24) .
Functional studies of excised patches indicate a major role for membrane-delimited PP2C but do not exclude regulation by PP2A and other phosphatases in situ. Deactivation of CFTR in excised patches is relatively insensitive to okadaic acid and calyculin A, independent of Ca 2ϩ and calmodulin, and inhibited by lowering free magnesium concentration (2, 3, 11) . Transepithelial studies are consistent with a predominant role of PP2C, because deactivation of the short-circuit current after removing forskolin or 8-(4-chlorophenylthio) adenosine 3Ј:5Ј-cyclic monophosphate is unaffected by the PP1 and PP2A inhibitors okadaic acid (10) or calyculin A (11) . Although co-expression of PP2C␣ with CFTR in Fisher rat thyroid cells has little effect on the rate of chloride current deactivation after cAMP washout, it inhibits the cAMP-stimulated current by ϳ70% (10). The isoform of PP2C that regulates CFTR remains to be established. The antibody used in this study would be expected to recognize ␣ and known splice variants of the ␤ isoform because of their homology but not the more distantly related ␥ isoform (25) .
PP2A regulates CFTR in some cell types, particularly cardiac and sweat ducts (12, 26), and we confirmed that PP2C and PP2A are both more effective in dephosphorylating full-length FIG. 6 . Co-precipitation of CFTR using anti-PP2C␣ antibody. Membrane fractions were isolated from BHK cells, solubilized with Triton X-100, and immunoprecipitated using a polyclonal anti-PP2C antibody as described under "Experimental Procedures." Immunoprecipitated proteins were resolved on 6.5% SDS-PAGE, transferred to nitrocellulose, and probed with the anti-CFTR monoclonal antibody M3A7. Lanes 1 and 2, total lysate (10 g) from CFTR-transfected and -untransfected BHK cells, respectively. Lanes 3 and 4, proteins immunoprecipitated from solubilized membrane fractions of CFTR-transfected and -untransfected BHK cells, respectively.
FIG. 7.
Specific cross-linking of CFTR His10 and PP2C by DTSSP. BHK cells expressing CFTR His10 were lysed with 1% Triton X-100 and reacted with the cross-linker DTSSP. Ni 2ϩ -NTA-agarose beads were incubated batchwise with the cross-linked cell lysate, and the resin was loaded into a column. After washing, proteins were eluted with buffer containing 300 mM imidazole. Samples from different steps of the purification protocol were resolved on SDS-PAGE, transferred to nitrocellulose, and probed using anti-CFTR (A) or antiphosphatase (B) antibodies. In A, T and B indicate the top and bottom of the stacking gel, respectively. SM, starting material; FT, flow through. The positions of prestained molecular weight markers are indicated on the right. DTT was added to some samples to cleave DTSSP cross-links prior to electrophoresis so that CFTR and PP2C could be identified based on mass and immunoreactivity. In B, upper and lower immunoblots are from CFTR His10 -transfected and -untransfected BHK cells, respectively. The left lanes contain purified phosphatases as follows: rabbit PP1 (100 ng); bovine PP2A (1,000 ng); bovine PP2B (100 ng); and turkey PP2C␣ (100 ng). Note that PP2C was the only phosphatase co-eluted with CFTR.
CFTR and recombinant R domain peptide compared with equimolar PP1 or PP2B. However PP2C was more abundant in the membrane fraction from BHK cells, and no association between CFTR and PP2A was detected by immunoprecipitation or chemical cross-linking. By contrast, a specific monoclonal antibody against CFTR (M3A7 (27)) co-precipitated PP2C but did not bring down PP1 or PP2A. Polyclonal anti-PP2C antibody co-precipitated CFTR, whereas antibodies against PP1, PP2A, and PP2B did not. The association between PP2C and CFTR must be relatively strong, because immunoprecipitations were carried out in the presence of detergent (1% Triton X-100).
After exposure of cell lysates to the cross-linker DTSSP and purification by nickel chelate chromatography, CFTR His10 appeared in high molecular mass complexes that also contained PP2C but not PP1, PP2A, or PP2B. Control experiments with untransfected BHK cells or cells expressing CFTR without a polyhistidine tail (data not shown) confirmed that PP2C binding to Ni 2ϩ -NTA-agarose requires CFTR His10 . The association between CFTR and PP2C does not require strong phosphorylation of CFTR, because all experiments were carried out using cells that had not been stimulated with cAMP.
A stable complex that includes CFTR and PP2C would presumably increase the efficiency of CFTR dephosphorylation. Such targeting of PP2C to particular substrates has not been reported previously, although other protein phosphatases form stable complexes with their substrates. For example, PP2B is associated with a neuronal potassium channel (28) and PP2A is targeted to the microtubule-associated protein tau 32 (29) .
The monoclonal anti-CFTR antibody M3A7 used to co-precipitate PP2C in this study has been extensively characterized (27) and did not recognize proteins in control (untransfected) BHK lysates. The polyclonal antibody raised against PP2C was relatively specific but did recognize an unidentified 30-kDa protein, which may be another PP2C isoform.
Adding a polyhistidine tag to CFTR did not grossly alter its structure because CFTR His10 had normal Cl Ϫ channel activity when incorporated into planar bilayers.
2 Also, specific association of PP2C was observed with both wild-type and histidinetagged CFTR. Any alterations in structure would seem more likely to disrupt than create specific interactions between the proteins, although that possibility cannot be formally excluded. CFTR and PP2C-like phosphatase activities were both present in the membrane fraction, and the Mg 2ϩ dependence of channel rundown in excised patches provides further independent evidence that PP2C and CFTR are normally co-localized at the plasma membrane (11) . Thus the selective co-precipitation and cross-linking were not artifacts of lysing the cells but likely reflect their co-localization under physiological conditions.
Close association of CFTR with PP2C could help explain the robust down-regulation of its channel activity in vivo when PKA stimulation is removed. The phosphatase-regulating CFTR has been suggested as a target for pharmacotherapies aimed at increasing (i.e. restoring) CFTR activity in cystic fibrosis, therefore these observations may have relevance to the development of therapies for cystic fibrosis (3, 30, 31) . A phosphatase inhibitor might be useful for stimulating mutant channels that reach the plasma membrane when used alone or as an adjunct therapy to increase the efficacy of other treatments such as drugs that improve CFTR processing or gene therapies. Regardless, ion channel rundown is a common phenomenon in patches excised from neuronal, cardiac, and other cell types. It will be interesting to learn if PP2C also forms regulatory complexes with other ion channels besides CFTR and mediates their deactivation.
